Grain and dendrite refinement of A356 alloy with Al–Ti–C–RE master alloy by Hong-Liang Zhao et al.
Grain and dendrite refinement of A356 alloy with
Al–Ti–C–RE master alloy
Hong-Liang Zhao*, Jin-Sheng Yue,
Ya Gao, Kang-Rong Weng
Received: 22 February 2012 / Revised: 11 June 2012 / Accepted: 15 June 2012 / Published online: 21 February 2013
 The Author(s) 2013. This article is published with open access at Springerlink.com
Abstract Commercial A356 alloy was refined with a
homemade Al–5Ti–0.25C–2RE master alloy, and the
microstructure and macrostructure of the refined alloy were
investigated. The results show that the grain refining effect
of A356 is poor by the addition level of 0.5 wt% master
alloy, but when the level reaches 3.0 wt% the grain can get
a satisfactory refining effect. Dendrite of A356 can be
effectively refined by addition of 0.5 wt% master alloy;
however, the refining effect is not significantly improved
by further increasing the addition of master alloy. Grain
and dendrite refining effects are compared in this article,
and the results show that the grain and dendrite exhibit
different refining effects with the same addition level of
master alloy. Dendrite is easier to reach the optimal
refining effect than grain.
Keywords Al–Ti–C–RE; A356; Grain refiner;
Secondary dendrite arm spacing (SDAS)
1 Introduction
Grain size and secondary dendrite arm spacing (SDAS) are
two main standards for evaluating the refining effect of
aluminum and its alloy. Grain refinement can not only
improve the mechanical properties of alloys but also reduce
its sensitivity of shearing stress and time of homogenization
effectively and bring a series of excellent qualities to alu-
minum alloy [1, 2]. As an important parameter in Al–Si
alloys, SDAS has a close relationship with alloy’s
mechanical properties, microsegregation, and the distribu-
tion of shrinkage porosity and many other microdefects [3,
4]. Therefore, fining dendrite structure and reducing the
SDAS have a practical significance in improving the prop-
erties of alloys.
A356 alloys are most popular in the aeronautic and
automotive industries. However, coarse grains and dendrite
in A356 lead to low mechanism properties. Al–Ti–B master
alloys are most commonly used in commercial A356,
whereas TiB2 particles are easily aggregated in the melt and
get poisoned by Zr, Cr, and Mn [5, 6]. Al–Ti–C was found to
be free from the problems of Al–Ti–B, but the poor wetta-
bility between graphite and liquid aluminum made the fab-
rication and application of Al–Ti–C grain refiners become
very difficult in industry [7]. In our previous experiments, a
certain amount of RE was added in preparing Al–Ti–C, and
the poor wettability was successfully solved [8].
Some researchers stressed that the grain size was the
weighting standard in evaluating the refining effect of Al–Si
alloys [7, 9], and others claimed SDAS was the criterion [10–
12], but the grain refinement and dendrite refinement were not
considered simultaneously. In this article, commercial A356
alloy was refined with a homemade Al–5Ti–0.25C–2RE
master alloy, and the microstructure and macrostructure of
refined A356 alloys were observed and analyzed.
Grain refinement and dendrite refinement were evalu-
ated, respectively, and the refining mechanism were also
discussed.
2 Experimental
First, the commercial A356 alloy was placed into a
graphite crucible and melted at 760 C in a qualified
resistance furnace. After the A356 alloy was fully melted,
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the temperature was decreased to 720 C, and then a cer-
tain amount of Al–5Ti–0.25C–2RE master alloy was added
into the melted A356; after holding for 3 min, the melt was
stirred slightly for 30 s to make sure the master alloy was
dispersed uniformly into the melt. After holding for a
certain time, the melt was poured into a cast iron mold at
720 C. The bar has a dimension of U25 mm 9 100 mm.
Samples were cut at 45 mm from the bottom of the bar.
Macrospecimens were etched with a mixed acid of 60 %
HCl ? 30 % HNO3 ? 5 % HF ? 5 % H2O. Microspeci-
mens were grinded, polished, and etched with a reagent of
0.5 vol% HF, and then the microstructure was analyzed by
optical microscopy. An image analysis software (Image J)
was used in measuring and calculating the grain size and
SDAS. The Brinell hardness (BH) of A356 alloys was
tested by BH-A5 Brinell microhardness tester.
Table 1 BH of the commercial A356
Alloy A356
alloy
A356 ? 0.5 %
Al–5Ti–0.25C–2RE
A356 ? 1.0 %
Al–5Ti–0.25C–2RE
A356 ? 2.0 %
Al–5Ti–0.25C–2RE
A356 ? 3.0 %
Al–5Ti–0.25C–2RE
BH 56.12 57.94 62.34 64.54 65.61
Fig. 1 Optical images of A356 with different addition levels of Al–5Ti–0.25C–2RE. a 0 wt%, b 0.5 wt%, c 1.0 wt%, d 2.0 wt%, and e 3.0 wt%
Fig. 2 a Microstructure of A356 without grain refiner and b A356 refined by Al–5Ti–0.25C–2RE
Al–Ti–C–RE master alloy 13
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3 Results and discussion
3.1 Grain refinement of A356 by Al–5Ti–0.25C–2RE
Figure 1 is the macrostructures of A356 with different
addition levels of Al–5Ti–0.25C–2RE. Figure (1a) shows
the largest equiaxial grains distributed homogeneously in
A356 commercial alloy. When adding the master alloy into
the A356, grain size decreases. A356 shows a poor refining
effect when the adding quantity of the master alloy is 0.5 or
1.0 wt%, as shown in Fig. 1(b) and (c). Increasing the
addition level up until to 3.0 wt%, A356 can get a satis-
factory refining effect, as shown in Fig. 1e.
Table 1 shows BH of commercial A356 refined by
adding Al–5Ti–0.25C–2RE, which indicates that the BH of
A356 increases with decreasing grain size. The BH of
A356 refined by 3.0 wt% Al–5Ti–0.25C–2RE increased by
16.9 % compared with the initial commercial A356 alloy.
Fig. 3 Metallographic microstructure of A356 refined by Al–5Ti–
0.25C–2RE. A raw of images expressing material with the same
composition addition, a column of images exhibiting the same
holding time, all images being the same magnification. a 3.0 %,
b 2.0 %, c 1.0 %, d 0.5 %, and e 0 %
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3.2 Dendrite refinement of A356 by
Al–5Ti–0.25C–2RE
Figure 2 shows the microstructure of A356 refined by
Al–5Ti–0.25C–2RE. As shown in Fig. 2(a), cast A356
alloy without grain refiner shows long strip and coarse
dendrite grains. When adding 3.0 wt% Al–5Ti–0.25C–2RE
master alloy into A356, the significant refinement of den-
drite can be seen from Fig. 2(b). Long acicular eutectic
silicon is replaced by short and pointillize silicon.
Figure 3 shows the refining effect of A356 with differ-
ent addition levels of Al–5Ti–0.25C–2RE and different
holding periods. SDAS was measured and calculated from
Fig. 3, and its developing trend is shown in Fig. 4. From
Figs. 3 and 4, we can observe that, with a certain addition
level, dendrite exhibits a weak refinement with 5 min
holding time. Dendrite can get an optimal refining effect by
increasing the holding time to 30 min. When further
increasing the holding time to 60 min, refining shows a
fading effect. Dendrite of A356 with 0.5 wt% master alloy
shows the best refining effect by holding for 30 min.
Although dendrite can be further refined by increasing the
master alloy, refining effect is not obvious when the
addition amount of master is above 3.0 wt%.
3.3 Comparison of grain refinement and dendrite
refinement
Figure 5 shows the developing trend of SDAS and grain
size. The comparison between grain refinement and den-
drite refinement shows that SDAS can be refined from
25.482 to 21.748 lm by addition 0.5 wt% master alloy,
and SDAS is reduced by 14.7 %. When the master alloy
is increased to 3.0 wt%, SDAS is only reduced by 4.2 %
compared with alloy with 0.5 wt% master alloy. Grain
size can only be refined from 1,230 to 910 lm by addition
of 0.5 wt% master alloy, so the refining effect is very
poor. However, by further adding the master alloy to
3.0 wt%, grain size is effectively refined to 230 lm. To
sum up, although 0.5 wt% master alloy can effectively
refine SDAS, it has a weak effect on grain size. Increasing
the addition level, the grain can get a better refining
effect, but the SDAS refinement has no obvious
improvement.
Fig. 4 Impact of addition level of Al–5Ti–0.25C–2RE and holding
time on SDAS of A356
Fig. 5 Different refining effects of grain size (a) and SDAS (b)
Al–Ti–C–RE master alloy 15
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3.4 Discussion
Through the above analysis, it can be concluded that the
grain and dendrite are refined in different ways and the
refining mechanism is different.
In the grain refining process, Al–Ti–C master alloy releases
TiC particles to the melt. As the crystal structure and lattice
parameter of TiC are similar to a-Al, TiC can stimulate a-Al
nucleates effectively [13]. Nafisi and Banerji proposed that
TiC particles are unstable in the melt in the way that they are
easily transformed into Al4C3. As the structure of Al4C3 is
hexagonal, and Al4C3 has a poor matching ability with a-Al,
which results in TiC loss its nucleation ability [14, 15]. In our
previous experiment, the Al–5Ti–0.25C–2RE master alloy
was used to refine pure aluminum, and a good refining effect
was obtained with only 0.5 wt% master alloy. In the refining
process of pure aluminum, TiAl3 and Ti2Al20Ce released Ti
atoms to the melt. Ti atoms were easily segregated on the
surface of TiC, and a layer rich in Ti was formed. The layer
can not only protect TiC from changing into Al4C3, but also
promote the nucleation of a-Al by peritectic reaction, and
more detail was represented in Ref. [8]. When compared with
the optimal addition level for pure aluminum, it is interesting
to find that 0.5 wt% master alloy nearly has no effect on A356,
as shown in Fig. 1(b). Mohanty and Gruzieski [16] proposed
that the high content of Si in A356 is prone to react with Ti and
formed a ternary Al–Ti–Si phase, which would lead to the loss
of free Ti in the melt and damage the Ti–rich layer. Losing the
protection of Ti–rich layer, TiC would change into Al4C3
easily and lose the nucleation precursor. For the newly formed
Al–Ti–Si in pure Al, it can react with the melt and promote the
nucleation of a-Al. However, because the nucleation tem-
perature is very low [17], the nucleation is ineffective. All the
factors referred above result in the weak refining effect of
0.5 wt% master alloy for A356. However, when increasing
the addition level of master alloy, the refining effect becomes
better, as shown in Fig. 1(e). The responsible reason is that the
master alloy introduces much more newly free Ti to the melt.
Meanwhile, Ti2Al20Ce releases Ti and Al4Ce to the melt.
Al4Ce is also an effective nucleation phase for a-Al, so the
refining effect for A356 becomes better with the increasing of
master alloy, as shown in Fig. 1.
Casting temperature, cooling rate, alloy composition,
and its own properties are the main factors for SDAS in the
solidification process. Chen and Kattamis [18] proposed
that SDAS can be expressed by
k ¼ 5:5 Mtfð Þ1=3 ð1Þ
M ¼ CDL ln CL=C0ð Þ
mL 1  kð Þ C0  CLð Þ ; ð2Þ
where tf is the local solidification time, C is the Gibbs–
Thompson coefficient, DL is the solute diffusion coefficient
in the liquid, CL is the liquid phase concentration, C0 is the
original concentration of the liquid, mL is slope of liquid,
and k is the equilibrium partition coefficient.
As shown in Eqs. (1) and (2), SDAS is mainly influ-
enced by M and the local solidification time tf. M is
affected by alloy composition and diffusion coefficient.
When keeping the alloy composition at a certain, k is
mainly affected by DL and some others factors that are
related to DL, such as casting temperature and cooling rate.
In this experiment, alloys are casted and cooled in the same
condition, so M has little influence on SDAS. In the
refining process, Ti2Al20Ce releases La and Ce to the melt,
and the atomic radiuses of La and Ce are 0.274 and
0.270 nm, respectively. However, Al atomic radius is only
0.182 nm, so La and Ce are easily supplanted to the in-
terdendrite region. The constitutional supercooling by the
segregation of rare earth can effectively reduce the local
solidification time tf, so little addition of master alloy can
effectively refine the SDAS. At the same time, Ti can also
make an effort in confining the growth of dendrite [19].
That is the reason why 0.5 wt% master alloy has a weak
effect on grain refinement but can effectively refine the
dendrite. The poor dendrite refinement by increasing the
addition of master alloy is because the segregation of rare
earth reached a saturation state. The newly added Ti can
promote the refining process, but the effect is very weak.
Thus, further increasing master alloy addition has no sig-
nificant effect for dendrite refining, as shown in Fig. 3.
4 Conclusion
A small amount (0.5 wt%) of Al–5Ti–0.25C–2RE is weak
to the grain refining effect, but when increasing the addi-
tion level to 3.0 wt%, A356 can get a satisfactory grain
refining effect. 0.5 wt% Al–5Ti–0.25C–2RE can effec-
tively refine the SDAS; while further increasing the addi-
tion level, there is no significant influence for dendrite
refinement. Grain and dendrite are refined in different
ways, and dendrite can get the optimal refining effect more
easily than grain.
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